Acetobacter xylinum is a gram-negative, aerobic bacterium that secretes cellulose fibrils as part of its normal metabolic activity (for a review, see reference 6). The substrate for cellulose synthesis is glucose, which is the major constituent of the medium in which A. xylinum is cultivated. Microorganisms within the genus Acetobacter are obligate aerobes usually found on fruits and vegetables and in vinegar, fruit juices, and alcoholic beverages. A. xylinum has been reclassified as Acetobacter hansenii (11) . However, the new species name has not been used widely in recent literature; A. xylinum will be used here. A. xylinum is typically found in nature on decaying fruit. When A. xylinum is cultivated statically in broth culture in the laboratory, a pellicle of cellulose is formed and cells of the bacterium are trapped within it. These pellicles can vary in thickness and tensile strength, depending on which strain of A. xylinum is cultivated. When a broth culture is shaken or stirred, A. xylinum grows rapidly; however, less cellulose is produced, and the cellulose fibrils do not form a well-organized pellicle. In a rotatory shaker, round balls of cellulose form in the broth. The cellulose pellicle is composed of bundles of cellulose microfibrils that are extruded through pores located in the lipopolysaccharide layer of A. xylinum. These cellulosic ribbons intertwine to form the pellicle (8) . The enzyme apparently responsible for polymerization of glucose, cellulose synthetase, has previously been shown to be associated with the cell membrane of A. xylinum (1) .
It has been proposed that cellulose serves to hold the bacterium in an aerobic environment (3, 15) , probably on the surface of the decaying fruit that it uses for nutrients. In this report, we describe experiments that suggest possible alternative roles for cellulose. We propose that cellulose may act as an extracellular matrix to enhance colonization by the bacterium of its substrate in nature and to prevent potential competitors from gaining access to the decaying substrates that A. xylinum uses for nutrients. Another possible role for cellulose may be to provide protection for the cells from damage by UV light. In addition, the pellicle may also aid in moisture retention to prevent drying of the natural substrates for A. xylinum while the bacterium is growing on them. Our results raise the possibility that the environmental role of cellulose production by A. xylinum is more complex than was previously recognized. (17) . The strain is stable and nonreverting after 3 years of cultivation. A cellulose-overproducing strain designated Thick (an A. xylinum isolate from nature) was also generously provided by R. M. Brown, Jr.
MATERIALS AND METHODS

Bacteria
Culture conditions. Bacteria were cultured in Schramm and Hestrin medium (9), either in broth or in solid medium at 25°C. The solid medium contained 0.01% Tinopal (CIBA-GEIGY Corp.), which is a fluorescent brightener that causes cellulose-producing colonies of A. xylinum to fluoresce under UV light (12) . Molds were assayed by plating on Sabouraud dextrose agar (Difco Laboratories). Other bacteria were grown on tryptic soy agar (Difco). Cultures of A. xylinum were grown on shakers and statically. Standing broth cultures in petri dishes were used to produce cellulose pellicles for colonization experiments. Petri dishes (60 by 15 mm) were filled with 5 to 7 ml of broth; larger petri dishes (100 by 15 mm) were filled with 10 to 12 ml of broth. The broth was inoculated with 106 to 107 cells per ml. The pellicles used in the experiments formed after 7 days of incubation.
To examine the effect of various oxygen regimes on growth, A. xylinum cultures were incubated in candle jars, in jars gassed with 5% carbon dioxide and air, and in Bio-Bags (Marion Scientific) that are designed to provide microaerophilic conditions. Under these conditions, oxygen concentration was approximately 6%, compared with the 21% oxygen concentration in ambient air. The bacterial growth and cellulose production of aerobic and microaerophilic cultures were compared by colony counts and dry weight determinations of cellulose pellicles produced after 7 days of incubation.
Colonization experiments. Slices of apple (Golden Delicious variety) weighing between 15 and 20 g were washed with equal volumes of 70% alcohol and sterile distilled water. The apples slices were composed of both skin and pulp but had been cored. The slices were placed in sterile, covered 250-ml beakers. Samples (1 g each) of apple including both skin and pulp were shaken in 9 ml of phosphatecitric acid buffer (10) For the colonization experiments, either Thick or wildtype pellicles were aseptically placed over individual slices of apple. The cellulose pellicles had been formed in petri dishes (100 by 15 mm). Also, 3-ml portions of shaken broth cultures from wild-type, Thick, or cellulose-negative strains were pipetted over individual slices of apple (106 cells per ml). Uninoculated apple slices served as controls. All apple samples were incubated at 25°C and observed frequently to note any differences among the various samples. After 2 weeks of incubation, the experiment was terminated. Pellicles were removed from apple slices, and 1-g apple samples were taken from both control and experimental apples to be assayed for A. xylinum, molds, and other bacteria. The samples were taken from an area previously covered by pellicles.
In a second series of colonization experiments, the same protocol was followed except that the apple slices were not surface sterilized.
In a third series of colonization experiments, 1-g samples of apple were covered with broths from the various cultures or pellicles formed in petri dishes (60 by 15 mm) and were processed as described above.
Whole Golden Delicious apples were also used in colonization experiments. Controls were apples that had been rinsed with sterile distilled water before being placed in sterile beakers. Experimental apples were washed as the controls had been. Apples were placed in sterile beakers and inoculated individually with 7 ml of broth cultures (107 cells per ml) from Thick, wild-type, or cellulose-negative strains, a volume sufficient to moisten the whole apple. After 7 days of incubation, 1-g samples were taken from all the apples and assayed for A. xylinum and other microorganisms.
UV-light experiment. Cellulose pellicles produced by the wild-type strain were formed in 10 ml of broth in small petri dishes after 7 cultures were inoculated over the apple slices, the Thick strain and non-A. xylinum organisms grew equally well; however, when wild-type and cellulose-negative broths were inoculated over the apple slices, non-A. xylinum organisms proliferated. Uninoculated, alcohol-sterilized controls showed little or no growth (less than 102 CFU/g of apple sampled) of either A. xylinum or non-A. xylinum organisms.
When whole apples were tested for colonization by A. xylinum, uninoculated controls showed no growth of A. xylinum and very low cell counts of non-A. xylinum microorganisms. Control samples dried out, unlike experimental samples. Experimental samples that were inoculated with either wild-type or Thick broth had pellicles forming after 1 week of incubation. Apples inoculated with cellulose-negative broth had a film of growth but were drier than were apples covered by newly forming pellicles. Quantitatively, these results were comparable to those obtained with assays of 1-g apple samples (data not shown).
The cellulose pellicle had a substantial effect on the susceptibility of A. xylinum to UV light. Figure 2 of unirradiated controls, while cell densities of unprotected samples dropped from 100 to 3.15%.
The dry weights of cellulose pellicles averaged 4% of the wet weights of pellicles. These results are based on measurements of 25 pellicles.
DISCUSSION
Cellulose microfibrils that have formed pellicles are quite strong and resilient. When wet, the pellicles resist tearing; when dry, they have the consistency of paper. The cellulose produced by A. xylinum is structurally identical to that found in eucaryotic plants. One role of cellulose may be to hold bacteria in the aerobic environment (3, 15) . However, our results show that A. xylinum can grow and produce cellulose under microaerophilic conditions, which suggests that a strictly aerobic environment is not required by this organism.
In our experiments, apple slices covered by pellicles remained moist, unlike uninoculated controls or samples that were treated with small portions of liquid culture. The cellulose pellicles can hold considerable amounts of water, since the dry weights of the pellicles were only 4% of the wet weights. Perhaps cellulose serves to retain moisture near the bacterial cells as they decompose rotting fruit. Because of their opacity, pellicles also provided significant protection from the damaging effects of UV light. Another role of cellulose might be to enhance colonization of rotting substrates by A. xylinum. When broth cultures of wild-type and Thick strains were inoculated on apple slices, macroscopically visible pellicles began to form within a week. Apple slices inoculated with a cellulose-negative strain dried during the period of incubation and showed growth of other organisms. A possible mechanism for enhancement of colonization by cellulose synthesis might involve cellulose-mediated attachment of the bacteria to the substrate. For Agrobacterium tumefaciens, another cellulose-synthesizing bacterium, cellulose synthesis is an important part of successful attachment to cultured carrot tissue (13, 14) . Cellulose fibrils have also been shown to enhance flocculation of gram-negative bacteria isolated from activated sludge (5) . The cellulose pellicle may also reduce the opportunity for organisms other than A. xylinum to compete successfully for a limited resource, i.e., rotting fruit. Our experiments showed that under certain conditions, cellulose pellicles can prevent or reduce colonization of a natural substrate (apple slices) by molds and other bacteria. When cellulose pellicles or Thick broth culture were placed on pieces of apple, A. xylinum predominated; however, when broth cultures of wild-type and cellulose-negative strains were placed on the apples, molds and other bacteria flourished and A. xylinum grew poorly. Our apple sterilization procedures were quite effective, since there were usually no bacteria or molds detected on uninoculated controls. When whole apples were used as experimental substrates, the absolute numbers of bacteria and molds on the surfaces of the apples were reduced. Apparently, unbroken skin is an effective barrier to colonization of apples by microorganisms. In the whole-apple experiments, pellicles began to form with wild-type and Thick broths, whereas less growth was detected with the cellulose-negative strain. Preliminary studies (data not shown) have shown that A. xylinum was rarely isolated from apples still on the tree but was found frequently on apples on the ground that were beginning to decompose.
There are innumerable decomposers found in the soil, waiting for substrates to consume. In order to be successful, these saprophytes must find and hold on to limited resources in nature 
